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Domestic hot water (DHW) has a significant share in building’s energy consumption. In 11 
order to reduce this consumption, various solutions have been proposed such as controlling 12 
the system in an efficient way, using renewable sources and using phase change materials 13 
(PCM) in the system to increase heat capacity. However, this study is not only offering heat 14 
capacity improvement of the DHW storage unit but also proposing that energy efficiency can 15 
be improved by controlling the heat releasing time of the PCM. In this study, supercooled 16 
PCM tubes are placed in a water tank and charged with a solar assisted heat pump unit, these 17 
supercooled PCM tubes can then be discharged anytime when the hot water is required. In 18 
this paper, a transient thermodynamic model is built for the whole system including solar 19 
collector, heat pump, water tank with PCM and DHW demand profile. System components 20 
are modelled and a 24 hours of demand profile is used in simulation for a UK home for 21 
summer and spring weather conditions. The results show that the PCM tubes effectively 22 
compensate the morning peak hot water demand and reduce daily energy consumption 23 
around 12.1% and 13.5% by shifting heating provision from immersion heater to solar heat 24 
pump. 25 
 26 
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1. Introduction 41 
About 30% of UK energy usage is consumed by buildings, 50-60% of this energy usage is 42 
required for heating, ventilation and air conditioning (HVAC) systems[1]. This figure is 43 
consistent throughout the worldwide. In the UK, heating and hot water make up 40% of 44 
building energy use and 20% of associated greenhouse gas emissions [2]. These emissions 45 
must be reduced by over 20% by 2030, with a near complete decarbonisation by 2050, as part 46 
of the legally binding targets set by Parliament in the Climate Change Act. To reach these 47 
targets, new, highly efficient renewable heating systems must be developed to meet heating 48 
demand in a sustainable and economic manner. Thus, this paper aims to offer an energy 49 
efficient solution for DHW consumption in houses by using a novel control method of a heat 50 
storage material by a sustainable way.  51 
As it is known, heat pumps can be used as a viable alternative to electric heaters and boilers 52 
in DHW applications in order to reduce energy consumption and carbon release rates. Heat 53 
pump technology which is an attractive option because of its low electricity consumption [3]. 54 
Moreover, it has capability to utilize renewable energy like solar, which can serve as an ideal 55 
heat/electrical source for the heat pump unit. It has been proven that a solar assisted heat 56 
pump (SAHP) system can effectively cut electricity consumption and improve the renewable 57 
energy utilisation for domestic heating [4]. As solar energy can be used to drive heat pump’s 58 
compressor by PV electricity or it can be coupled with ground source or air source heat 59 
exchangers to improve performance, it is reported that solar thermal heat pump is the mostly 60 
studied and cost effective one [5]. There are also promising results have been published for 61 
SAHPs’ good performance under cold winter conditions. Kong et al [6] experimentally tested 62 
a direct expansion SAHP unit during autumn and winter period and reported COP was higher 63 
than 4 in autumn and higher than 2.5 in winter. Recently, Yardesh et al. [7] presented that 64 
two stage cascade SAHP unit can provide sufficient heating even for very cold climate 65 
regions. A SAHP unit is adapted for the proposed DHW system in this paper. 66 
Heat storage units in DHW applications are generally achieved by sensible heating of a tank 67 
because the units are commonly used to supply instant hot water. Thus, the amount of stored 68 
heat depends on the heat capacity of the storage, which is related to the volume. Phase change 69 
materials (PCM) can be a solution of this volume issue because PCMs can store sensible and 70 
latent heat in DHW applications which can result in a smaller volume for the same heat 71 
capacity storage. Moreover, DHW energy consumption reaches about 19% of the total energy 72 
consumption of a UK dwelling. In order to decrease this consumption, PCM usage in the 73 
system is a promising alternative because PCMs have the characteristic of high energy 74 
density, which is used as an energy storage media in latent thermal energy storage units when 75 
heat is available or cheaper to produce. 76 
To realise the benefits of PCM usage in DHW systems, many researchers have built models 77 
and carried out testing. These studies mainly focus on the various types of PCM properties 78 
and configurations within a water tank. Mehling et al.[8] prepared an experiment and 79 
presented that adding PCM at the top of water tank increases storage capacity and 80 
compensate heat losses. Talmatsky and Kribus [9] conducted a modelling study of PCM with 81 
water storage and analysed the performance considering the domestic hot water demand. 82 
They concluded that using PCM has no significant energy efficiency advantage for end users, 83 
and they explained that reheating of the water by the PCM during night time is responsible 84 
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for increased losses to the environment. Kousksou et al. [10] considered the same 85 
mathematical model with Talmatsky [9] and prepared a water tank model included solar 86 
collectors, PCM and auxiliary heater. They described that energy efficiency is highly 87 
sensitive to the selected PCM melting temperature, so the design parameters should be 88 
analysed carefully. Padovan and Marzan [11] reported that optimization is very important; 89 
thus, they proposed a generic algorithm optimization to evaluate sensitivity of the parameters, 90 
such as tank geometry and PCM melting temperatures. Kumar et al. [12] prepared an 91 
experiment to test the effect of water flow rate and inlet temperature of the heat transfer fluid 92 
into the water tank with PCM. They concluded that the addition of PCM capsules can 93 
increase the stratification level of the water tank which is a useful parameter for heat storage 94 
applications. Finally, Shirinbakhsh et al. [13] comprehensively analysed the effect of DHW 95 
demand on performance of solar domestic hot water systems. They concluded that 96 
embedding PCMs in the storage tanks is not a promising solution and performance is 97 
dependent up on the operating conditions. Therefore, they recommended that the DHW 98 
demand profile should be taken into consideration. 99 
It can be seen that a unanimous conclusion has not yet been reached regarding PCM use in 100 
DHW systems. This is because many influential parameters exist in the type of system. 101 
Researchers agreed that optimisation is important to realise the benefits from PCM. In 102 
contrary, the study presented in this paper proposes the use of supercooled PCMs. A 103 
supersaturated solution is a solution with more dissolved solute than the solvent would 104 
normally dissolve in its normal conditions. Supersaturation is achieved by dissolving a solute 105 
in one set of conditions, then transferring it to another condition without triggering any 106 
release of the solute [14]. Supersaturated solutions are extremely unstable, but often require a 107 
triggering event to begin returning to the stable state via the solute coming out of solution. 108 
Supersaturated solutions will also undergo crystallization under specific conditions [15]. In a 109 
normal solution, once the maximum amount of solute is dissolved, adding more solute would  110 
cause the dissolved solute to precipitate out [16]. In the supersaturated condition, the solute 111 
will simply precipitate out by a small activation in the solution. It is because supersaturated 112 
solution is in a very high energy state and crystallization can occur by releasing energy. The 113 
solution will then move to a lower energy state. The activation energy comes in the form of a 114 
nuclei crystal being added to the liquid solution. This nuclei can be either added from an 115 
external source or from within the solution due to ion and molecule interactions [17]. Most of 116 
the PCM supersaturated solutions are not steady.  Canbazoğlu et al. [18] studied sodium 117 
thiosulfate as a thermal heat storage material. They reported that a sodium thiosulfate 118 
supersaturated solution can be activated easily by small vibration or heat. Nucleation 119 
inhibitors such as Sodium Alginate should be added in the solution to control the formation 120 
of crystals. Without a nucleation inhibitor, crystals can be formed in the PCM supersaturated 121 
solution with a little vibration. Thus, sodium acetate was selected as the thermal storage 122 
materials in this study because of its relative steady state at supercooled condition and the 123 
suitable melting temperature of 58 ºC, which can provide promising hot water supply for 124 
houses. Moreover, Sodium acetate is widely used in food additives, so it is a relatively safe 125 
material among PCMs [19]. Supercooled sodium sodium acetate solution is commonly used 126 
as reusable gel heating pads (hand warmer). A hand warmer contains a supersaturated 127 
solution of sodium acetate which releases heat upon crystallization. This solution is capable 128 
of cooling to room temperature without forming crystals [20]. Pressing on a small mechanical 129 
"clicker" within the heating pad activates the nucleation centres and starts the reaction, a 130 
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nucleation centre is formed, causing the solution to crystallize back into solid sodium acetate 131 
trihydrate.  In order to activate this supercooled PCM for heat releasing, some controllable 132 
triggering methods, i.e., applying electric field and mechanical release of nucleating agents 133 
have been proposed by several authors [21], [22], [23].  134 
Therefore, this study differs from the literature by using a novel supercooled PCM and the 135 
controlling methodology. To show the performance improvement level in a realistic 136 
environment, solar collector, heat pump, water tank and hot water demand profile are 137 
comprehensively modelled in a transient state. Performance of conventional and PCM 138 
enhanced tanks in DHW systems are compared. Heat pump performances, energy 139 
consumption profiles and temperature gradients in the tank during a day are given. The 140 
objectives of the study are summarized below: 141 
 In order to reduce energy consumption in DHW applications, supercooled PCMs and 142 
a novel operation controlling methodology are presented. 143 
 To operate the systems in more sustainable way, the solar assisted heat pump units are 144 
implemented in the study. 145 
 To show effect of the using supercooled PCM and its new control methodology, 146 
performances of the SAHP units with conventional tank and PCM enhanced tank are 147 
analysed and compared. 148 
 Performances of the systems for specified days in summer and spring are compared 149 
and discussed. 150 
 151 
2. System description and methodology  152 
The proposed system mainly aims to use supercooled PCM tubes inside the water tank to 153 
improve heating capacity and especially increase the energy efficiency of the system. 154 
Therefore, cylindrical PCM tubes are in the water tank as seen in Fig. 1. PCMs are placed to 155 




Fig.1. Solar assisted heat pump hot water system with a PCM integrated water tank 158 
The system’s operation modes are given in Fig. 2. The solar assisted heat pump system 159 
consists of four subsystems. The first subsystem is solar collector. Evacuated tube heat pipe 160 
collectors are selected for heating the circulating water because these collectors show very 161 
good performance even under low ambient temperature conditions. Heated water by the 162 
collector is used as a heat source for heat pump unit or for heating coil in the water tank 163 
depending on the operating mode. The second subsystem is heat pump device. It is a water 164 
source heat pump unit which boosts the collected heat from the solar collector and increases 165 
the tank temperature until top temperature reaches to a desired level. As a third subsystem, 166 
water tank is used, which is common in dwellings. The water tank stores heat to provide hot 167 
water to the residents. Finally, transient domestic load profile is modelled to test system’s 168 
performance under real conditions. 169 
 170 
a) Heat pump in operation 171 
 172 
b) Direct solar heating 173 
Fig.2. Schematic of the solar assisted heat pump hot water system. a) Heat pump is active 174 
only, b) Direct solar heating only  175 
 176 
To control the temperature in the water tank, the temperature of the first node of water is 177 
considered (as the tank model is multi node model). The set temperature is chosen as 70  to 178 
avoid legionella and to be sure about the PCM melting. When water temperature is lower 179 
than the set point, control valve 1 is opened and control valve 2 is closed. Thus, the heat 180 
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pump boosts the water temperature until temperature of the first element reaches to the set 181 
point, as shown in Fig.2a, the blue and dashed lines show inactivity. When temperature 182 
reaches the set temperature, control valve 1 is closed and control valve 2 is opened, the heat 183 
pump is turned off and collected heat directly circulated in the smaller coil in the water tank, 184 
which is shown in Fig.2b. During the day time domestic water demand decreases the water 185 
temperature in the tank; however, system is not turned on until first node temperature falls to 186 
65 . 187 
 188 
2.1.Enhancement of heat capacity of the water tank by PCMs 189 
Ideal water tank volume is related with domestic hot water consumption and solar collector 190 
area. It is recommended that relationship between tank volume and collector area for solar 191 
water heating systems is given as 0.05 m V/A 0.18 m [24]. However, this equation is 192 
suitable for direct solar heating systems in good solar regions. The UK suffers from low solar 193 
radiation and solar heaters need auxiliary heating equipment and larger collector areas. 4 m
2
 194 
collector area is chosen. Selection of tank size is also important for energy efficient houses 195 
and some equations are available, which mostly depend on number of occupants living in the 196 
dwelling. Moreover, companies also suggest that the ideal tank size depends on occupant 197 
number, and the number of bedrooms etc. Popular tank sizes for the UK are 120 L, 150 L and 198 
200 L. In this study, an average family home is considered and a 150 litre tank is chosen for 199 
the analysis. 200 
Selection for proper PCM in DHW applications have been studied by many researchers. As 201 
hot water demand temperature is around 60 , popular PCM materials for this application 202 
are generally chosen with a melting temperature of 40-60 . In this study, sodium acetate 203 
trihydrate is chosen because its steady supercooling property and being relatively safer 204 
among the other PCMs. Thermophysical properties of the solution slightly change according 205 
to solution concentration and temperature [25]. In the simulation, melting temperature is 206 
assumed as 58  and other properties are assumed as constant. The used thermophysical 207 
properties of supercooled sodium acetate solution are given in Table 1. 208 
Table 1. Thermophysical properties of the sodium acetate trihydrate [26] 209 
Physical Property Value 




Specific heat 2.719 kJ/(kgK) 
Thermal conductivity 0.8 W/(mK) 
 210 
By using given properties in Table 1, enhancement of energy storage capacity in different 211 
volumetric proportions of the water and PCM in the tank can be found. Results are given in 212 
Table 2. When the tank temperature reduces from 70  to 40 , energy storage capacities 213 
for different proportions of PCM replacement with water is shown. Stored energy between 70 214 
  - 40  is 25.2 MJ for 200 litre water, however, when 10% of the total volume is changed 215 






Table 2. Energy storage capacities of DHW tank 220 
200 litre 
tank 











Storage capacity Mass 
(kg) 
Water only - - - 25.2 200 25.2 MJ 200 
5% PCM 3.8 1.24 15.2 23.94 190 28.98 MJ 205.2 
10% PCM 7.6 2.48 30.4 22.68 180 32.76 MJ 210.4 
20% PCM 15.2 4.95 60.8 20.16 160 40.32 MJ 220.8 
30% PCM 22.8 7.44 91.2 17.64 140 47.88 MJ 231.2 
 221 
It is clear to see that adding PCM into water tank increases both storage capacity and total 222 
mass of the tank. Even 10% of water is replaced with PCM material, total heat capacity of the 223 
tank is increased almost 30%. There is a great potential of capacity improvement; however, 224 
heat transfer rates need to be investigated to determine performance improvement. Related 225 
heat transfer and energy balance equations are given in modelling section. 226 
 227 
2.2.Controlling supercooled PCMs 228 
The main objective of the study is to show advantages of using supercooled sodium acetate 229 
trihydrate because these PCM modules can release their stored energy when activated by 230 
user. Thus, basic control scheme is given in the Fig. 3 to show PCM triggering time, water 231 
heating period by PCM, PCM charging period and DHW demand. The UK DHW 232 
consumption pattern was measured and identified in a report by Energy Saving Trust [27]. 233 
The reference reported that the mean household consumption was 122 litre hot water per day 234 
and the average hot water delivery temperature was 51.9 . Therefore, Fig 3 is obtained 235 
based on this report. However, studies show that even total usage varies from country to 236 
country, general hot water usage trend is quite similar for worldwide [28]. Thus, usage trend 237 
of the supercooled PCM can be applied into every country with simple capacity 238 
optimisations. In Fig. 3, the columns show hourly average water usage by the residents in the 239 
UK [27]. Since morning demand reaches the peak level and water tank is cooled down from 240 
the night usage, energy consumption for preparing hot water can be maximum in the 241 
morning. To compensate this consumption, PCM activation time is settled at 5 am. Hot water 242 
usage generally starts at 7 am; thus, hot water can be ready for users without any energy 243 
consumption because PCMs release the stored heat into water during this period. It is clear 244 
that PCM tubes must be recharged, during day time, solar assisted heat pump unit can heat up 245 
the water tank in more sustainable way with a better energy efficiency. This heating period 246 
can regenerate the PCMs, and at the same time, make hot water ready for the evening 247 
demand. Then, water temperature decreases by the evening usage; however, supercooled 248 





 Fig.3. Supercooled PCM control scheme based on time and demand profile  252 
 253 
3. Modelling   254 
3.1. Solar collector 255 
The collector system is modelled as operating under quasi-steady state conditions and used 256 
steady state equations, with the thermal capacity of the collectors neglected [29], [30]. Eq. (1) 257 
is thermal efficiency equation of the collector. 258 
          
      
 
   





Thermomax HP-200 evacuated-tube heat pipe collector [31] is used in the simulations. The 259 
modification of the thermal efficiencies under London conditions were taken from Freeman 260 
et al. [29]. The zero loss optical efficiency and heat loss coefficients are           , 261 
        ,         . In order to calculate useful heat and collector outlet temperature, 262 
Eq. (2) can be used: 263 
                                                  (2) 
 264 
3.2.Heat pump 265 
Heat pump is commonly used as water source heat pump which is a vapour compression 266 
system. It consists of four main components namely; compressor, condenser, expansion valve 267 
and evaporator. As this heat pump is a water source heat pump, evaporator is a heat 268 
exchanger which transfers the collected heat from the collector into the heat pump. This heat 269 
is used as energy source for the heat pump. The following assumptions are considered for 270 
heat pump simulation: 271 
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 The evaporation in the evaporator and condensation in the condenser are assumed to 272 
be constant pressure process. 273 
 Compressor isentropic efficiency is taken as 0.8 [32]. 274 
 The expansion of the refrigerant in the expansion valve is assumed as isenthalpic. 275 
 Superheating in the evaporator and subcooling in the condenser is assumed as 3 K 276 
[33]. 277 
 For evaporator, 5 K pinch temperature difference approach is assumed [33] to ensure 278 
proper heat transfer. 279 
According to Eq. (3) and assumptions, refrigerant mass flow rate is determined. As collected 280 
heat from the solar collector is used as low temperature heat source, heating capacity of the 281 
heat pump depends on the available solar energy. 282 
                            (3) 
   ,  and       indicate refrigerant mass flow rate, evaporator inlet specific enthalpy and 283 
evaporator outlet specific enthalpy, respectively. Fig. 4 shows evaporator schematic and 284 
pinch temperature difference for the evaporator. 285 
 286 
Fig. 4. Evaporator schematic and pinch temperature difference for the evaporator 287 
 288 
For condenser modelling, Yerdesh et al. [7] used 7 K temperature difference to ensure proper 289 
heat transfer in both heat exchangers.  In this study, difference between condensing 290 
temperature of the refrigerant and the water temperature at the top node is selected as 8 K. 291 
This conservative approach is chosen to be sure for melting the PCM. 292 
 293 
3.3. Cylindrical water tank 294 
Multi node water tank simulation has been chosen for modelling the water tank because it 295 
allows the system to show potential temperature gradient inside the tank. By this way, PCM 296 
tubes are subjected to realistic temperature levels with the water elements. The cylinder 297 
volume has been divided into equal volumes to obtain temperature distribution in the storage 298 
tank [34]. In every control volume, an energy balance equation can be written considering the 299 
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heat loss to the environment. By solving all the energy balance equations simultaneously, 300 
temperature distribution inside the tank can be determined. These methodology have been 301 
already used in previous studies [35],[36]. When there is a coil placed in a tank, energy 302 
balance equation changes for including its effect and conduction heat transfer between water 303 
nodes become more important [37].  The equation is given for a layer in Eq.(4). 304 
                
                                         
         
    
(4) 
    is tank temperature at node N. i and i+1 indicate time steps,      is the amount of water 305 
in each tank element with unit of kg,     is the specific heat capacity of water. 306 
      indicates drawn heat load by the hot water users because when residents use hot water, 307 
same amount of tap water is filled from bottom side of the water tank. Therefore, at each 308 
node, the following heat transfer takes place:  309 
                     (                 (5) 
 310 
Tap water is charged directly to the last water node in the tank, and water temperature is 311 
varying at different time of the year. Although some empirical equations are available in the 312 
literature, it will be better to use UK monitored tap water temperatures based on monthly 313 
data. The related data is given in Table 3. 314 
Table 3. UK’s monthly cold water temperature variation [38] 315 
Month 
Cold water temperature  
South England North England Scotland 
January 12.06 9.62 9.62 
February 11.33 9.32 9.15 
March 12.39 10.70 9.68 
April 15.28 13.70 13.27 
May 16.14 15.32 14.49 
June 19.33 17.26 16.76 
July 21.17 19.33 19.49 
August 20.09 18.67 18.44 
September 19.56 17.88 17.52 
October 16.80 15.55 15.05 
November 13.70 12.22 13.73 
December 12.39 10.51 14.13 
 316 
It is reported that [37] the most practical approach for heat exchanger design in solar systems 317 
is NTU-effectiveness method, each node has coil segment in the tank. In two-coil tank, first 318 
coil which is condenser of the heat pump, is placed in top six of the water elements and solar 319 
coil only effecting to last four water elements. For heat transfer through coils to the water 320 
element, Eq. (6) can be written: 321 
                          (                     (6) 
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The temperature of the fluid exiting the coil segment in one node, which becomes the 322 
temperature entering the next coil segment in the adjacent node. Eq. (7) can be used to 323 
calculate temperature outlet: 324 
                                 (                     (7) 
 325 
Conduction heat transfer between water elements is expressed as       : 326 
           
         
 
     
                               (8) 
 327 
     indicates vertical effective thermal conductivity,     and    are height of the water 328 
element and tank diameter, respectively.  For     , 1.85        is used [39]. 329 
Regarding to heat loss to the environment, Eq. (9) can be used: 330 
                                     (9) 
Room temperature is assumed as 20 .        is heat transfer area of the water tank in one 331 
element. It is a surface area between water and the ambient.    is overall tank heat loss 332 
coefficient. 333 
Guarracino et al. [40] summarized the literature assumptions of DHW usage profiles in detail. 334 
By considering usage profiles, hourly hot water consumption flow rates and total 335 
consumption are determined and modelled. One of the main parameter effecting the 336 
thermocline level in the water tank is charging flow rates. Thus, determination of the flow 337 
rate is quite important. However, UK monitored data [27] and the given literature data 338 
(medium load is 6 l/min and short load is 3 l/min) are not easy to match. In the model, two 339 
different flow rates are defined similar to short and medium loads and these loads are used to 340 
match with the given total demand profile in Fig.3. The delivery times have been identified 341 
according to flow rates considering the 55  delivery temperature such as 6 minutes load 342 
with 0.08 kg/s at 8 am. 343 
 344 
3.4. PCM integrated water tank 345 
When PCM is placed inside the tank, both sensible and latent heats constitute the total energy 346 
of the tank [26] and heat transfer from water to PCM or vice versa is taken into consideration. 347 
To analyse temperature gradients with heat transfer process some assumptions have been 348 
done.  349 
 The problem is one-dimensional with temperature variations occurs only according to 350 
the vertical direction of the tank. Tank height is divided into nodes and each node’s 351 
energy balance equations are solved simultaneously. 352 
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 Some water nodes contain PCM tubes, but these tubes are spaced apart for every 353 
element to increase heat transfer area. 354 
 In a water element, water temperature and PCM temperature can be different. 355 
 Each PCM tube is assumed as lumped system. 356 
 357 
To increase the heat transfer rate, cylindrical PCM modules (tubes) have been chosen. This 358 
selection is also common in the literature studies [10],[11].  359 
Generalized energy equations of PCM has been given by Manfrida et al.[41] in Eq. (10): 360 
               
  
  
                
  
  
                         (10) 
 361 
  is PCM liquid fraction,        is heat transfer coefficient between PCM and water 362 
element. For the water element, energy balance equation of Eq. (4) needs to be updated as Eq. 363 
(11): 364 
                
                                                    
         
    
(11) 
           indicates heat transfer rate between water element and PCM material. 365 
 366 
To find the convection heat transfer coefficient, natural convection heat transfer equations for 367 
spherical shapes can be valid to use for cylindrical shapes in the water tank [11]. The Nusselt 368 
number for natural convection is found by Eq. (12): 369 
          
           






3.5. System operation modes 371 
As given in Fig. 2, the proposed system operates in two modes. Heat pump is active in the 372 
first mode and direct solar heating happened in the second mode. To determine these 373 
operation modes, temperature of the top node in the water tank has been considered. 70  is 374 
chosen in order to avoid legionella, and this temperature is also reasonable for PCM melting. 375 
To model operation mode changes in Matlab, a simple control function needs to be used. 376 




Fig.5. Basic control flowchart of solar assisted heat pump 379 
 380 
 381 
4. Results and Discussions 382 
In the analysis, energy balance equations for all components and heat transfer equations are 383 
written in Matlab environment, for refrigerant thermophysical properties, Refprop software is 384 
used. In every time step in the model, refrigerant mass flow rate, fluid temperatures and 385 
available solar energy are calculated to assess the system performance. 386 
In order to reveal the advantages of the supercooled PCM tubes, a solar assisted heat pump 387 
system by using conventional water tank (without PCM) is compared with solar assisted heat 388 
pump hot water system with PCM enhanced water tank. Component sizes are kept the same 389 
for both systems to observe performance improvement by the PCM addition. Table 4 390 
summarises information about component sizes in the model. 391 
Table 4. Component sizes and simulation information 392 
Tank inner diameter 0.4 m Collector area 4 m
2
 
Tank height 1.2 m Collector flow rate 0.033 kg/s 
Tank UT 1.5 W/m
2





0.8 PCM tube diameter 40 mm 




A detailed analysis has been conducted for a chosen day, for which EnergyPlus weather data 394 
[42] is given in Fig. 6. Temperature variation during this day is a typical UK condition but 395 
solar irradiance is chosen good solar day as designed condition of the system.  396 
 397 
Fig.6. Weather data on 22 June 398 
Hot water delivery temperatures are adjusted to a set temperature of 55 . This conservative 399 
approach is applied to reveal advantages of using supercooled PCM in the tank. To maintain 400 
this temperature when solar heat pump is not active, 2 kW electrical immersion heater is used 401 
in both systems. In the model, initial water element temperatures are determined by solving 402 
the mathematical model, the initial temperatures of the water nodes in the tank are the final 403 
temperatures of the previous day. However, this study considers only one day, thus, initial 404 
temperatures need to be determined. Firstly, an assumed temperature value is given to all 405 
water layers and simulation is executed. The final temperatures of the first simulation are 406 
used as the initial temperatures of the next simulation. The steps are repeated until the end 407 
temperature distribution matches the initial temperature distribution [43]. 408 
 409 
4.1. Using a common water tank 410 
Solar assisted heat pump unit with a conventional water tank has been analysed and results 411 
are shown in Fig.7. In Fig. 7a, temperature variation of the top, middle and bottom nodes are 412 
shown. The first node is actual delivery temperature to the users and the temperature level is 413 
controlled during the day. As it has been mentioned before, the system has two control 414 
mechanisms. First one provides desired hot water to the residents when they need it. Set 415 
temperature is seen in the Fig.7a as reference line and immersion heater boosts the water 416 
temperature if required. As hot water demand starts at 7 am, to make hot water ready for the 417 
users, the immersion electric heater heats the tank in early morning. When hot water drawn 418 
by the users, cold tap water is charged to the tank and temperature of bottom node decreases. 419 
Since heat pump has no satisfactory solar heat during early morning and evening, immersion 420 




a) Temperature variation in tank during day 423 
 424 
b) Collected solar heat during day 425 
 426 
c) Electricity consumption profile  427 
Fig.7. Results for using a common tank in the system. a)Temperature variation in the tank,  428 




The second control determines heat pump running times. As it has been explained in 431 
methodology, the first node temperature is set to 70 . When temperature reaches this set 432 
value, it happens at around 9:30 am, the heat pump stops and second control valve is open 433 
until the temperature drops to 65 . During this period, collector fluid is directly circulated 434 
in the lower coil inside the tank. When direct solar heating mode operates, temperatures of 435 
the bottom nodes’ increase. In order to show collected heat utilization in the system Fig. 7b is 436 
given. Solar heat is used for heat pump’s source and direct heating which depends on system 437 
mode of operation. Since DHW demand is high during the morning period, heat pump boots 438 
the heating. When system operation switches to the direct solar heating, only consideration is 439 
collector outlet temperature must be higher than water tank node. As collector outlet 440 
temperature cannot excess node temperature because of heat ejection continues during 441 
circulation, collector pump stops to maintain tank temperature. 442 
Fig. 7c shows compressor and immersion heater electricity consumption rates during the day. 443 
This figure also gives cold water flow rates by time which defines users’ hot water demand 444 
profile in right axis. This cold water charges are one of the main reason for electricity 445 
consumption. Electric usage by the immersion heater mainly happens during morning and 446 
evening periods because heat pump boots temperature in day time. The compressor starts to 447 
operate with sun rising and stops at around 9:30 am because the first layer temperature 448 
reaches to the set value. However, hot water consumption from the users reduces that 449 
temperature under 65  and compressor operates couple of minutes more. When heat pump 450 
stops, system operating is changed to direct solar heating mode.  451 
 452 
 453 
4.2. Using a PCM integrated water tank 454 
When PCM tubes are placed in the water tank, simulation with same operating conditions 455 
with same parameters are conducted. Fig. 8 shows the results of using PCM enhanced tank in 456 
the system. Fig. 8a. shows temperature variation of first, middle and bottom nodes of the 457 
water tank. Temperature of the first five nodes increases at 5 am because PCMs are activated 458 
and release their stored heat into water. This heat release increases residents’ delivery 459 
temperature, which can reach higher than the reference temperature; thus, the electric heater 460 
is not used during the morning period. In order to prepare PCMs for the next morning, all 461 
PCMs must be charged during day. However, heat pump is turned off when water 462 
temperature reaches desired level (setting temperature); therefore, immersion heater can help 463 




a) Temperature variation in tank during day 466 
 467 
b) Collected solar heat during day 468 
 469 
c) Electricity consumption profile  470 
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Fig.8. Results for using a PCM enhanced tank in the system. a)Temperature variation in the 471 
tank,  b)Collected solar heat, c)Electricity consumption profile 472 
 473 
As PCM tubes are placed in the top 5 nodes, releasing their heat creates high stratification 474 
inside the cylinder. Thus, direct solar heating mode operates more effectively because bottom 475 
layers are colder with respect to the conventional tank. Temperature increment in bottom 476 
layers is high as seen in Fig.8a. Collected solar heat is shown in Fig. 8b. Apart from common 477 
tanks PCM integrated tank uses more solar heat to drive heat pump because discharged PCM 478 
tubes absorb heat and heat pump operates more time to reach set temperature compare to 479 
conventional tank system.  480 
 481 
Fig. 8c. shows electricity consumption levels and cold water flow rates by time. The heat 482 
pump stops at 10:30 am because the first layer reaches to the setting value. However, PCMs 483 
are not totally melted especially in the fourth and fifth layers as it can be seen in Fig 9. 484 
Therefore, immersion heater is switched on, and it heats up the tank until all PCMs are 485 
completely melted. Immersion heater electricity consumption profile is around half an hour in 486 
day time. After the sun set, immersion heater is used to maintain reference temperature for 487 
residents’ hot water usage. 488 
Regarding to the PCM charging and discharging trend, Fig. 9 shows PCM’s temperature 489 
variations. As hot water rises in the cylinder and cold water is charged from bottom side, 490 
placed PCMs in the last two layers exposed to colder temperature. This yields higher heat 491 
transfer rate when PCMs are activated and causes quick temperature drop with every cold 492 
water charge. However, with help of the immersion heater all PCM tubes are melted at 493 
around 11 am. Thus, these melted (charged) PCM tubes can be ready for next day’s morning 494 
load. 495 
 496 
Fig.9. PCM tubes’ temperature variation during day 497 
 498 
Given figures for comparison of conventional and PCM enhanced tank show that 499 
consumption profiles are varied. The main difference is that morning electricity consumption 500 
is eliminated by the PCMs. The required energy for the PCMs are compensated by the heat 501 
pump and auxiliary immersion heater. It is found that total daily energy consumption is 2.685 502 
kWh for conventional tank and 2.36 kWh for PCM tank. That means 12.1% reduction in 503 
energy consumption can be achieved by only adding supercooled PCMs in the water tank. 504 
This reduction comes from the shifting energy consumption times, there is no electricity 505 
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usage for PCM tank in the morning, but the required energy provided by the heat pump 506 
which is more efficient than the immersion heater.  507 
In order to compare heat pump performances, COP variations of both systems is given in Fig. 508 
10. Since both systems’ evaporation sides are exposed to same condition, difference comes 509 
from the condensing temperatures. The main difference is PCM integrated system’s COP is 510 
more stable because PCM tubes absorb heat during heating period, this limits the temperature 511 
increment of the first node, and thus, condensing temperature remains stable. In contrast, 512 
conventional tank temperature easily increases by the heating and decrease by the cold water 513 
charging. Conventional tank system’s COP reduces after 8:45 am because of temperature 514 
increment, however, PCM integrated tank system’s COP decreases around 10 am. The reason 515 




Fig. 10. COP variations of both systems 520 
In order to show advantages of PCM enhancement in the SAHP unit, another analysis is 521 
conducted by using different weather conditions. The simulation given above is a good 522 
example of good solar radiation condition in the UK but another simulation is conducted for 523 
testing the system under the average solar radiation. 8
th
 of April is chosen for next simulation 524 
because solar radiation reaches maximum 560 W/m
2 
and tap water temperature is around 15 525 
 . It is found that total daily energy consumption increased to 3.89 kWh for conventional 526 
tank and 3.367 kWh for PCM enhanced tank. Since low temperature tap water charging and 527 
weaker solar radiation, this higher consumption is expected. Compressor consumptions are 528 
increased because water tank needs more heat to reach reference set temperature. This result 529 
shows that PCM enhancement can achieve 13.4% reduction of energy consumption in DHW 530 
system even under average weather conditions. Table 5 summaries consumptions of both 531 
systems for summer and spring days. 0.325 kWh of reduction in electricity consumption is 532 
achieved in a summer day and 0.523 kWh of reduction in electricity consumption is achieved 533 
in a spring day. This result proves that more solar heat can be utilized by the heat pump when 534 
solar radiation is lower. Shifting the heating process from immersion heater to solar heat 535 
pump results more promising in low radiation days when direct solar heating is not enough 536 
for DHW applications. 537 




 Immersion heater Compressor Total 
Conventional tank in June 1.39 1.295 2.685 
PCM enhanced tank in June 0.86 1.5 2.36 
Conventional tank in April 2.454 1.44 3.89 
PCM enhanced tank in April 1.586 1.78 3.367 
 539 
5. Conclusion 540 
In this study, a solar assisted heat pump system for DHW applications has been modelled. 541 
Solar collectors, heat pump, water tank and DHW demand have been transiently modelled 542 
using Matlab. Although PCM increases the heat capacity of the water tank, this study focuses 543 
on reduction of the electricity consumption rates for a 24 hour period. The performance of 544 
conventional and PCM integrated tanks have been compared. Using control methodologies, 545 
temperature variations in the water tank, collected solar heat and electricity consumption 546 
profiles have been obtained and discussed. Results show that the proposed novel control 547 
method of the supercooled PCMs can provide required heat for the morning hot water 548 
demand and it can reduce daily DHW energy consumption by about 12.1-13.4% according to 549 
weather conditions. Since the main benefit of using supercooled PCMs in the system is 550 
shifting heating energy from immersion heater to the heat pump, proposed system also 551 
improves the renewable energy utilisation. It is also cost effective system because advantages 552 
can be achieved by only adding PCM tubes to an existing SAHP DHW system. 553 
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